The antimicrobial effects of a stainless steel surface and a polyethylene surface functionalized with silver nanoparticles on the adhesion of different bacteria and the changes in physical and chemical characteristics of these surfaces that influence biofilm formation were evaluated. The functionalized surfaces of polyethylene and stainless steel were more hydrophobic than the control ones. The bacterial surfaces were hydrophilic. The adhesion of all bacteria was thermodynamically favorable (ÁG adhesion <0) on all surfaces functionalized and control. The numbers of adhered cells of Staphylococcus aureus, Escherichia coli, and Pseudomonas fluorescens were not significantly different (p > 0.05) between the control and functionalized surfaces, reaching values compatible with biofilm formation. Analysis of atomic absorption spectrometry using water and reconstituted skim milk as simulants showed no release of Ag from the functionalized surfaces. In conclusion, the surfaces that were functionalized with silver nanoparticles were modified in hydrophobicity, roughness, and did not avoid bacterial adhesion. Additional studies of surfaces functionalized with silver nanoparticles should be conducted addressing the adsorption technique of silver nanoparticles on the stainless steel surface as well as in the preparation of the polyethylene surface to allow the contact of microorganism with the antimicrobial agent.
INTRODUCTION
The food industry gradually improves technologies and processes to increase quality and food safety. Recently, due to several factors such as increased competition with imported products, greater consumer demand, and more effective sanitary inspections, many industries have increased investments in the microbiological quality of food products. Accordingly, strategies have emerged with the potential to inhibit the adhesion of microorganisms, such as the application of cover compounds with antiadhesive properties for bacteria and other microorganisms.
The use of nanomaterials such as silver nanoparticles (Ag NPs) as antibacterial agents is part of this context. Nanomaterials can be applied in medicine to reduce infections and to prevent bacterial colonization on surfaces of implants, catheters, dental materials, and in the food industry on processing surfaces to reduce the adhesion and consequent formation of biofilms. Nanomaterials can also be used in microbial control in textile and water treatment (Guzma´n et al., 2009; Stensberg et al., 2011; Thakkar et al., 2010) . The study of new antimicrobial agents is also important due to the increase in the number of infections caused by gram-negative bacteria worldwide. These bacteria are highly adaptive pathogens that can be resistant to various antibiotics, which is a public health concern (Gurunathan, 2015) . Because the adhesion surface is essential for the development of a biofilm, understanding how the physical and chemical properties of food processing surfaces influence the bacterial adhesion process can aid the development of changes or agents to control adhesion on these surfaces (Bernardes et al., 2014) .
The objective of this study was to evaluate the antimicrobial effects of surfaces of stainless steel (SS) and polyethylene (PE) functionalized with Ag NPs on the adhesion of different bacterial species and to analyze the changes in the physicochemical properties of these surfaces that influence the biofilm formation.
MATERIAL AND METHODS

Surfaces
SS AISI 304 (10 Â 10 Â 1 mm) and PE (20 Â 20 Â 1 mm) samples functionalized with Ag NPs. The SS were acquired commercially (APERAM, Brazil) and later functionalized (Sa˜o Carlos, Sa˜o Paulo, Brazil) . The PE was produced and functionalized by the same company (Sa˜o Carlos, Sa˜o Paulo, Brazil). In the experiments, the samples were cleaned by soaking in neutral detergent for 1 h, rinsed with sterile distilled water, dried and cleaned with alcohol 70% (v/v). After cleaning, only the SS samples not functionalized were washed again with sterile distilled water, dried for 2 h at 60 C, and autoclaved at 121 C for 15 min to be considered for the control treatment.
Method for functionalizing the surfaces
Ag NPs were added to the SS surface by the process called dip coating, consisting of the immersion of the surface to be functionalized in a dispersion containing Ag NPs and subsequent drying. In this conditioning, the compound silane was used as a coupling agent on the surface of the nanoparticles.
For the polymer surface, the incorporation of Ag NPs occurred via an injection/blow process, wherein the powder containing 5000 mg l À1 Ag NPs was mixed with the PE resin and processed together to obtain the surface.
Adhesion of the bacterial cells on SS and PE samples functionalized with silver nanoparticles
Strains of Staphylococcus aureus (ATCC 6538), Escherichia coli (ATCC 11229), and Pseudomonas fluorescens (ATCC 13525) were activated separately in 3.0 ml BHI (Brain Heart Infusion) broth and incubated for 18-24 h at 35-37 C. Next, the samples functionalized with silver nanoparticles and the control (uncoated Ag NPs) were placed in falcon tubes, in duplicate, with the addition of 6 ml of BHI broth and 1 ml of the bacterial culture in each tube. The tubes were incubated under stirring at 120 r/min and 37 C for S. aureus and E. coli and at 7 C for P. fluorescens for 72 h, with the BHI broth exchanged every 24 h. After, the samples were removed and washed with phosphate-buffered saline (PBS), pH 7.4, thereby removing nonadhered cells (Marques et al., 2007) . Subsequently, the samples were immersed in the same buffer for the purpose of the removal of sessile cells by vortex for 1 min. Appropriate dilutions were prepared from the latter buffer and aliquots were plated on to plate count agar to determine the number of adhered cells (UFC cm À2 ).
Determination of the contact angle of food processing surfaces
For the SS surfaces and PE coated and control surfaces, the contact angle between the surface and water, formamide and a-bromonaphthalene was determined using a goniometer (Kruss, Germany). The contact angle of a 2.0 ml drop was measured every second for a period of 30 s for all liquids and evaluated surfaces (Araujo et al., 2015; Cies´lin´ski and Krygier, 2014) . The measurements were performed at 25 C. All measurements were performed in triplicate.
Contact angle measurement for microorganisms. The measurement of the contact angle of the surface of the bacterial cells was performed on a layer of vegetative cells using the method described by Busscher et al. (1984) . First, the species were activated twice in BHI broth (Merck), creating suspensions with approximately 10 7 CFU ml À1 . The suspensions were centrifuged at 12,000 g for 10 min and washed three times in 0.1 m PBS. The cell pellet was suspended in the same buffer and the suspension was filtered using an acetate Food Science and Technology International 24(1) cellulose membrane (0.45 mm pore size, 27 mm in diameter) (Millipore, Barueri, Brazil) using vacuum. During the filtration, 30 ml of pure water (Mili-Q) was added. The membranes were transferred to Petri plates containing 1% (v/v) of agar and 10% (v/v) of glycerol. This was done for standardizing the humidity of membranes before the angle contact measurement. The membranes were cut into three parts for contact angle measurements.
Determination of the variation of free energy of hydrophobic interaction and variation of adhesion free energy
To calculate the variation of energy of hydrophobic interaction, the theory of interfacial tension components was applied (Van Oss, 1994) . After the approximations of the equations involved in the theory, surface energy ( s ), either of bacteria or food processing surfaces, resulted from the combination of three interactions: Lifshitz-van der Waals, Lewis acid, and Lewis base
where g LW is the component of the Lifshitz-van der Waals interaction, g þ refers to the Lewis acid interaction component, and g À is the Lewis base interaction. Applying a drop of a liquid in equilibrium with the surface, the components, and were calculated (Equation 2) using contact angle measurements
where gl ToT is the surface tension of the liquid used for measurement, is the contact angle and s indicate the surface and l liquid, respectively.
To determine the components of the free energy of the surface and the parameters of the surface, the contact angles of at least three liquids with known interfacial tension components were measured ( Table 1) .
The free energy of adhesion (ÁG adhesion ) was calculated based on the contact angle measurements and values of the components of interfacial tension to obtain the values for ÁG LW bls and ÁG AB bls . After determining the interfacial tension for each surface: bacteria/ liquid (b,l) and steel or PE/liquid (s,l) and the interaction between entities (bls), these parameters were applied to the equation of Van Oss (1994) ÁG adhesion ¼ ÁG allows a thermodynamic evaluation of the adhesion process between bacteria and surfaces, which is thermodynamically favorable when ÁG adhesion < 0 and unfavorable when ÁG adhesion > 0. Thus, we can predict whether the adhesion of certain bacteria on a surface is thermodynamically favorable.
Analysis of atomic absorption spectrometry
In a SS cylinder (internal area of 336.5 cm 2 ) functionalized with Ag NPs and a cylinder control remained at 7 C for 6 h, a solution of 100 ml of skimmed milk powder reconstituted with distilled water (10% w/v) and only distilled water for quantifying if silver was released of the functionalized surface for the food. The experiment with reconstituted milk and water intended was make to elucidate whether there is interference of the constituents of the food matrix on the silver diffusion of the surface into the simulant medium.
The procedure was performed simulating turbulence milk in pipes by rotational motion. Thus, the milk skimmed was in contact with the surface of the SS tube functionalized, just like happens in the transport fluid in the food industry. The silver concentrations were determined by Atomic Absorption Spectrophotometer device Flame Model AA-240 (Varian).
The samples' concentrations were analyzed based on reading of nine different concentrations of standards solutions of the element in question: 0.00 mg l À1 (control), 0.010, 0.100, 0.250, 0.500, 0.750, 1.00, 1.25, and 1.50 mg l À1 . The concentration of silver in the two tested samples (skimmed milk powder reconstituted and water) was been coming from his release from the surface of the SS tube functionalized with Ag NPs (Rastegarzadeh et al., 2015) . Topography of surfaces by atomic force microscopy (AFM)
The evaluation of the topography of the SSAg, PEAg, and controls surfaces was done using the AFM (Shimadzu SPM9700). The analysis of the images obtained allowed the determination of the roughness of the samples by the average roughness (Ra, measured as the average of height differences observed). In the microscope, measurements were performed in contact mode (Handojo et al., 2009 ).
Before microscopic analysis, all tested surfaces were washed and sanitized. The total scanning area was 1.0 cm 2 in the AFM.
Experimental design and statistical analysis
The experiment was conducted in three repetitions and analysis performed in duplicate. The data of the bacterial adhesion were analyzed using the analysis of variance (F tests) with post hoc Tukey tests, with p-values less than 0.05 considered statistically significant. Analyses were performed using SAS Õ statistical software (Statistical Analytical Software, version 9.1).
RESULTS AND DISCUSSION
Study of the adhesion of vegetative cells on surfaces functionalized with silver nanoparticles
We observed that there was no difference (p > 0.05) between the number of adhered cells of S. aureus, E. coli, and P. fluorescens on the surfaces functionalized with Ag NPs and on the surface control (Table 2) .
Ag NPs were added to the SS surface by the process called dip coating, consisting, in a simplified manner, of immersion of the surface to be functionalized in a dispersion containing Ag NPs and subsequent drying. In this conditioning, the compound silane was used as a coupling agent on the surface of the nanoparticles. The silane (SiH 4 ) may have an organic radical at one end and an inorganic radical at the other end.
Similar studies of functionalization were found in the literature with the same objective of functionalizing the surface with nanoparticles anchored by silane. Chen et al. (2010) used 3-aminopropyltriethoxysilane to condition SS surfaces with Ag NPs; the amino group is responsible for the chemical interaction of the silane with the Ag NPs and the -Si radical on the other end interacts with chromium oxide (Cr 2 O 3 ) present on the SS surface.
Because of the low efficiency of antimicrobial surfaces in this study, it is assumed that silver was unavailable to interact with the microbial surface or to diffuse into the middle and inactivate the tested cells. The strong interaction in the SS sample matrix between the nanoparticles and the silane may have impaired the antimicrobial efficiency of the functionalized surface. The Ag NPs and the silane may have formed a coordinate covalent bond that interfered with the antimicrobial effectiveness.
The antimicrobial results of the functionalized surfaces in this study partially diverge from the literature (Kelly et al., 2009; Lv et al., 2009; Zhao et al., 2007) . Thus, a failure may have occurred during the execution of the adsorption technique of Ag NPs on the SS surface as well as in the preparation of the PE surface with the antimicrobial agent, because when tested alone, in previous experiments of the authors (data not published), the Ag NP suspensions demonstrated antimicrobial effects on the test of minimum inhibitory concentration (MIC). The MIC value for Ag NPs used to prepare SSAg was 12.50 mg l À1 to E. coli, S. aureus, and P. fluorescens, while for Ag NPs used to prepare PEAg was 6.25 mg l À1 .
Adhesion thermodynamic study
According to the thermodynamic principle, when ÁG TOT is negative, there is a cohesive attraction between the molecules of a surface immersed in water, and when positive, there is repulsion. 
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Thus, with a hydrophobic material, ÁG TOT is negative (Araujo et al., 2013) . We observed that the SS surfaces and PE were considered to be hydrophobic due to the negative values of the variation of free energy of the hydrophobic interaction (Table 3 ). The functionalized surfaces became more hydrophobic than the controls ones. According to Bernardes et al. (2012) , hydrophobic surfaces are more prone to adhesion then these results can in part explain the high values of adhesion on the SSAg and PEAg surfaces.
The ÁG TOT calculated parameter expresses the variation of interfacial interaction free energy between the molecules of the material immersed in water and is a quantitative criterion that it is the most appropriate measure of hydrophobicity. This quantitative criterion defines the hydrophobicity of a surface efficiently because it takes into account van der Waals forces, electrostatic interactions, and polar interaction forces, which may be repulsive or attractive. The organosilane refers to the chemical structure of a silane containing Si-CH 3 bond in its structure. The carbon-silane bond is stable, nonpolar, and hydrophobic effect. Organosilanes with hydrophobic organic groups attached to silicon will impart that same hydrophobic character to an inorganic surface (Tseng et al., 2006) . Thereby, the chemical structure of the silane having an organic radical may have contributed to the increase in hydrophobicity on the surfaces of functionalized steel.
The parameters ÁG sws LW and ÁG sws AB are values of the Lifshitz-van der Waals-type interactions and the acid-Lewis base-type interactions. There was a higher contribution to the final hydrophobic value of the interactions of the acid-base type than that of the van der Waals type. The acid-base interactions constitute the balance of interactions that are responsible for the interfacial tension. These interactions occurred between molecules that are very close to the surface; therefore, in both interfaces, the water molecules avoided unfavorable interactions with nonpolar surfaces (SS and PE). In the case of hydrophobic surfaces, the water molecules prefer to interact together by hydrogen bonding (greater potential energy of cohesion for the liquid) instead of adsorbs on the hydrophobic interface. Therefore, the water molecules gained a greater degree of freedom, which caused an increase in entropy of the system, which resulted in a negative variation in Gibbs free energy, characteristic of hydrophobic interaction. Thus, it can be inferred that the removal of the water film near the hydrophobic surface of functionalized SS and PE was spontaneous because the ÁG TOT was less than zero. The removal of the water film contributes positively to the adhesion process.
With respect to values of the ÁG TOT of bacteria surfaces, we verified that all bacteria tested were hydrophilic, ÁG TOT > 0, while the gram-positive bacterium S. aureus was found to be the most hydrophilic than the gram negatives. This finding is probably related to the more polar chemical structure of the S. aureus surface. In this case, removal of the water film is not spontaneous because most of the water molecules interacting with the hydrophilic surface reduce the entropic value resulting in a system ÁG TOT greater than zero (Table 4) .
The most effective interaction in the final value of the total free energy of hydrophobic interaction (ÁG TOT sws ) was ÁG sws AB ; however, for these surfaces, the adhesion forces between liquid (water) and solid (surfaces) were greater than the cohesion between the liquid molecules, which created a more hydrophilic surface.
The hydrophilicity of the bacterial cells can be explained by the predominant electron donor characteristic (À). Biological surfaces are predominantly donors of electrons as a result of the incorporation of atmospheric oxygen in their structures (oxidation of biomolecules) and constant hydration of the surface of microbial cells (Strevett and Chen, 2003) . Santos et al. (2011) evaluated the hydrophobicity of silicone samples and rubber samples, materials present in milking machines, after 0, 30, 90, and 180 d of exposure of surfaces to commonly used cleaning procedures. Bacterial surface hydrophobicity measurements were also performed. The surface of silicone and the rubber was considered hydrophobic (ÁG sws TOT < 0) for all treatments, whereas the Streptococcus agalactiae bacterial surface analyzed was considered hydrophilic (ÁG sws TOT > 0). From the interfacial tension values of components, we determine the variation of adhesion free energy (ÁG adhesion ) between the two surfaces: microbial cell (b) and the processing surface (s) ( Table 5 ). We found that for all surfaces analyzed, the ÁG adhesion was thermodynamically favorable because it had a negative value. In this context, it can be stated that all surfaces, controls, and functionalized with Ag NPs are favorable for the adhesion of all bacteria tested. Again these results confirm the high adhesion values of the bacteria observed in controls and functionalized surfaces.
Generally, for two particles (bacterium and surface) to interact, it is necessary to remove the water molecules that are linked to them, which occurs with increased enthalpy because energy is required to break the bonds. However, at the same time the entropy of the system increases because the water molecules now have a greater degree of freedom. Therefore, the entropy increases more than the enthalpy. Thus, ÁG is reduced as shown in equation (4) ÁG
Because of that when the ÁG adhesion < 0, the adhesion is thermodynamically favorable.
Analysis of atomic absorption spectrometry
In our experiment, the release of silver from the steel surface to the water sample was below the first point on the standard curve of 0.01 mg l À1 . Thus, it can be concluded that the amount of silver released was between 0 and 0.01 mg l À1 . The diffusion of silver for simulating water in this study can be considered safe given that the maximum limit set by World Health Organization is 0.1 mg l À1 silver in drinking water. Reconstituted skim milk in distilled water (10% w/v) was also used to simulate the actual conditions of the dairy industry, namely the flow of the fluid inside the pipe during processing. The silver released from the steel surface functionalized for the milk sample also was below the first point of the standard curve (0.01 mg l À1 ). The release of silver from commercial products made of Ag NPs is a concern, principally due to the small particle size, high surface area, and consequent high reactivity and complex interaction with the organism. Nanoparticles smaller than 10 nm have a higher toxicity than larger particles (Wei et al., 2015) . Martı´nez-Abad et al. (2014) evaluated the diffusion of silver ions from films of poly(lactic acid) immersed in acid aqueous solution (pH 2.5) and neutral solution using the voltammetric method, finding a release of silver ions less than 10 ng cm À2 in all situations tested; this value was lower than the detection limit of the technique. The authors concluded, therefore, that there was no diffusion of silver ions from the film into the solution.
In addition, it was found that the diffusion of silver for the simulant milk was identical to diffusion into distilled water; it can be said that the food matrix did not interfere in the process.
Topography of surfaces by AFM
The average roughness (Ra) of the PE control surface was 370 nm, while the Ra of the surface of the Ra of the PEAg was 425 nm. For the SS control surface, the Ra was 325 nm, while to the SSAg was 343 nm (Table 6 ). In general, it is observed an increase in the roughness of functionalized surfaces. There is no direct relationship between the roughness and adherence but this parameter is important for efficient cleaning of surfaces. Thus, it is more interesting from hygienic point of view that the surfaces are less rough. Figure 1 shows the topography of the control surfaces and functionalized surfaces. It is not possible to detect the presence of Ag NPs in the functionalized surface, but it is observed the difference of roughness between analyzed surfaces. We observed that the organosilane must be enabled to increase the roughness of functionalized surfaces. The topography of surfaces when considered irregular can be able to retain food residues in cracks and fractures.
The adhesion process occurs when the water film (liquid) is removed between bacterium and surface. It is well known that the degree to which a solid repels a liquid depends upon two factors: surface energy and surface morphology. When surface energy is lowered, hydrophobicity is enhanced. Chemical compositions determine the surface free energy and thus have a great influence on wettability (Woodward et al., 2000) . Thus, the roughness of the surface can not only enhance its hydrophobicity due to the increase in the solid-liquid interface.
CONCLUSION
Silver nanoparticles incorporated into the processing surfaces demonstrated no antimicrobial efficiency for the vegetative cells studied. Functionalized surfaces became more hydrophobic and the thermodynamics of adhesion demonstrated that the SSAg and PEAg surfaces were favorable to the adhesion process as well the controls surfaces. We believe that the method of functionalization of surfaces did not allow the interaction between surfaces and bacteria. Therefore, further studies are needed so that adjustments can be made in the adsorption techniques and impregnation of silver nanoparticles on surfaces, so that they can have good sanitizing performance and reduce the occurrence of biofilms.
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